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ABSTRACT
The 2019 M,, 6.4 and 7.1 Ridgecrest, California, earthquake sequence (July 2019) ruptured
consecutively a system of high-angle strike-slip cross faults (northeast- and northwest-
trending) within 34 hr. The complex rupture mechanism was illuminated by seismological
and geodetic data, bringing forward the issue of the interdependency of the two fault
systems both at depth and at the surface, and of its effect on the final surface displacement
pattern. Here, we use high-resolution (WorldView and Pleiades) optical satellite image cor-
relation to measure the near-fault horizontal and vertical surface displacement fields at
0.5 m ground resolution for the two earthquakes. We point out significant differences with
previous geodetic- and geologic-based measurements, and document the essential role of
distributed faulting and diffuse deformation in producing the observed surface displace-
ment patterns. We derive strain fields from the horizontal displacement maps, and high-
light the predominant role of rotation and shear strain in the surface rupture process. We
discuss the segmentation of the rupture based on the fault geometry and along-strike slip
variations. We also image several northeast-trending faults with similar orientation to the
deeply embedded shear fabric identified in aftershock studies, and show that these cross
faults are present all along the rupture, including at a scale <100 m. Finally, we compare
our results to kinematic slip inversions, and show that the surface diffuse deformation is
primarily associated with areas of shallow slip deficit; however, this diffuse deformation
cannot be explained using elastic modeling. We conclude that inelastic processes play an
important role in contributing to the total surface deformation associated with the 2019

Ridgecrest sequence.

KEY POINTS

e East-west, north—-south, and vertical surface displace-
ment maps are calculated at 0.5 m ground resolution.

® \We separate contributions from localized slip on faults
and diffuse deformation in the surrounding medium.

® We show the contribution of inelastic deformation to sur-
face diffuse deformation.

Supplemental Material

INTRODUCTION

Geometrical complexity of earthquake surface ruptures has
been described for a wide range of fault systems over the last
decades based on geological (e.g., Tchalenko and Ambraseys,
1970; Klinger et al., 2005; Mitchell and Faulkner, 2009; Griftith
et al., 2010; Choi et al, 2018) and geodetic observations (e.g.,
Milliner et al., 2015; Vallage et al, 2015, 2016; Delorme et al.,
2020). Numerical approaches also enable us to establish a
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relation between observations of fault-zone complexity and
the mechanical and physical properties of the fault itself
(e.g., Finzi and Langer, 2012; Klinger et al., 2018). The combi-
nation of these different observations suggests a relationship
between the fault geometry and the lateral extent of a coseismic
rupture. The term “fault segmentation” is used to describe the
laterally discontinuous fault geometry and the control these
discontinuities exert on the propagation of the rupture. For
example, changes in the fault scarp morphology and fault
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geometry combined with lateral variations in the recurrence
intervals of past earthquakes along the Wasatch normal fault
(Utah, United States, 370 km long) have enabled identification
of individual fault segments that behave differently (Schwartz
and Coppersmith, 1984; DuRoss et al., 2016). These variations
also coincide with changes in the trend of the fault that often
are separated by prominent fault structural complexities
(Schwartz and Coppersmith, 1984). Segmentation of fault sys-
tems is also widely observed in strike-slip contexts, for exam-
ple, the 2001 Kokoxili earthquake in central Tibet or the 1905
M,, > 8 Tsetserleg-Bunlay earthquake in Mongolia. Using
satellite optical imagery-based measurements, Klinger et al.
(2006) and Choi et al. (2018) described the segmentation of
these two ruptures, respectively; they identified a decrease in
surface fault slip every ~20 km along the rupture, which cor-
responds to the location of fault bends and stepovers. They
conclude that large earthquakes are generated by the rupture
of multiple fault segments, separated from each other by geo-
metrical barriers.

Geometrical barriers are important features, because they
represent either stopping or favorable initiating points for earth-
quake ruptures, depending on local stress conditions (King and
Nabelek, 1985; Klinger et al, 2006; Finzi and Langer, 2012;
Lozos et al., 2012; Biasi and Wesnousky, 2017). At these loca-
tions, surface displacements can be particularly difficult to char-
acterize and to quantify, because part of the slip is distributed in
the surrounding medium through secondary faulting and diffuse
deformation (Klinger et al., 2006; Gold et al., 2015; Zhou et al.,
2018). This occurs principally around the major geometrical
barriers, although it can also be observed to a lesser extent at
every geometrical complexity along any surface rupture
(Milliner et al., 2015; Milliner, Sammis, et al., 2016).

In this study, the term “localized deformation” characterizes
slip that occurs on an actual fault of either primary or secondary
strands. Conversely, “diffuse deformation” is used to describe
any type of deformation, elastic and inelastic, characterized
by large-scale displacement gradients in the bulk medium, with-
out surface rupturing. Near-fault diffuse deformation generally
arises from the bulk response to subsurface variations of slip on
the fault, including shallow slip deficit (SSD; Fialko et al., 2005;
Brooks et al., 2017; Nevitt et al., 2020). It is encountered at all
spatial scales, and the contribution to the total surface displace-
ment pattern remains poorly understood. Inelastic diffuse defor-
mation regroups any deformation apart from elastic processes.
The current understanding of processes that accommodate
inelastic diffuse deformation include block rotations (McGill
and Rubin, 1999; Shelef and Oskin, 2010), microscale brittle
deformations (McGill and Rubin, 1999; Hamiel et al, 2004),
and granular flow (Hamiel et al, 2004; Fossen et al., 2007).
We note that the definition of diffuse deformation used in this
study refers to large-scale (>500 m) gradients of displacement. It
differs from the more commonly used definition of off-fault
deformation (OFD), which is inferred from the difference
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between fault offsets measured using satellite imagery analysis
over a limited aperture of a couple hundred meters, and that
measured on discrete faults in the field (Zinke et al, 2014;
Milliner et al., 2015, 2021; Gold et al., 2021).

Earthquake sequences involving cross faults (Hudnut et al,
1989; Kilb and Rubin, 2002), such as the 2019 Ridgecrest
sequence, generate particularly complex surface ruptures since
two sets of faults at high angles to one another accommodate
the earthquake deformation. Thus, high-resolution data that
describe the surface displacement distribution are crucial to
characterize the slip on the different faults that ruptured,
the geometrical relations between the faults, and the way faults
(primary and secondary) as well as zones of diffuse deforma-
tion contribute to the total earthquake displacement budget.
Key questions about this earthquake sequence include the role
of the two different sets of faults in the earthquake mecha-
nisms, and how interactions between the primary fault system
and the cross faults influenced the coseismic surface displace-
ment budget and deformation patterns.

In the following, we document, analyze, and discuss near-
fault surface displacement patterns for the 2019 Ridgecrest
earthquake sequence. We first describe the context of the
earthquake sequence, including the M, 6.4 foreshock and
the M,, 7.1 mainshock, and we review the different observa-
tions and measurements already available. Next, we detail
the optical image-correlation methodology used to measure
the 3D surface displacement field associated with the earth-
quake rupture sequence, and we describe the results obtained.
We then extract slip values from the displacement maps
across the entire fault-zone width (FZW) and measure the slip
distribution in the parallel, perpendicular, and vertical compo-
nents of the deformation. We also discriminate between the
contributions of localized slip on discrete faults and diffuse
deformation occurring in the surrounding medium. Finally,
we compare these results with previously published kinematic
inversions and subsurface fault geometries inferred from relo-
cated aftershocks to relate earthquake process at depth with
patterns of surface displacement we have observed.

THE RIDGECREST EARTHQUAKE SEQUENCE

The 2019 Ridgecrest earthquakes (M,, 6.4 and 7.1), referred to
as the Ridgecrest sequence, occurred during 4-6 July 2019 in
southern California. The two events are located at the transi-
tion between the southern Walker Lane and the eastern
California shear zone (Fig. 1). The southern Walker Lane
and eastern California shear zone are part of a system of dis-
tributed faulting that accommodates 20% of the relative dextral
motion between the Pacific and North America plates (Carlson
et al., 2013). Three large historical earthquakes that occurred
within this region include the 1872 M,, 7.7 Owens Valley
(Haddon et al., 2016), 1992 M,, 7.3 Landers (Massonnet et al.,
1993; Sieh et al., 1993), and 1999 M,, 7.1 Hector Mine earth-
quakes (Fialko et al., 2001; Treiman et al., 2002). The Ridgecrest

www.bssaonline.org  Volume XX Number XX XXXX XXXX



Figure 1. Tectonic context of the Ridgecrest sequence. Pacific plate relative motion to North America plate is 49 mm/yr
(ten Brink et al.,, 2018). ECSZ stands for eastern California shear zone. Quaternary faults (U.S. Geological Survey
[USGS] database; see Data and Resources.) are shown in black. Major faults, including the Garlock and San Andreas
faults, and the 2019 Ridgecrest surface ruptures are highlighted in red. Large historical earthquake ruptures are shown
in orange (Haddon et al., 2016; Milliner, Dolan, et al., 2016). The blue polygon around the Ridgecrest earthquake
shows the area covered by the postearthquake, high-resolution Pleiades images (Table S1). Inset map shows the
location of the western USA. The color version of this figure is available only in the electronic edition. The M, 71

of an M, 5.7 earthquake
recorded in 1992, which was
probably triggered by the
Landers earthquake; Petersen
and Wesnousky, 1994; Dolan
et al, 2016). Therefore, the
occurrence of the 2019
Ridgecrest earthquake sequence
and its triggering activities on
the Garlock fault raise concerns
about future seismic hazard in
this area of southern California.

The M,, 6.4 and 7.1 events
of the Ridgecrest sequence rup-
tured consecutively a system of
high-angle strike-slip
faults (northeast- and north-
west-trending) within 34 hr.
The first-order geometry of the

Cross

ruptures was highlighted by
seismological data (e.g., Ross
et al., 2019; Shelly, 2020) and
surface  observations (e.g,
DuRoss et al., 2020; Milliner
and Donnellan, 2020; Ponti
et al., 2020). The first earth-
quake of magnitude M, 6.4
occurred on 4 July 2019.
Although it initiated on a
northwest-striking  fault, it
mainly ruptured a set of north-
east-trending left-lateral faults
extending for 15 km (Ross
et al, 2019; Huang et al,
2020; Milliner and Donnellan,
2020; Wang et al, 2020).
This event is referred to as
the foreshock of the sequence.
mainshock
occurred on 6 July 2019 and

sequence was unexpected, because it occurred on a system
of faults that was not identified as potential active faults.
However, retrospective analysis of high-resolution topography
data has revealed structures predating the 2019 ruptures
(Jobe et al., 2020). The M,, 7.1 mainshock rupture southeastern
end is located just a few kilometers north of the sinistral Garlock
fault, which is a major active fault in southern California. After
the 2019 Ridgecrest sequence, surface creep (Ross et al., 2019;
Barnhart et al., 2020) as well as clusters of seismicity (Shelly,
2020) were triggered on a section of the Garlock fault, which
has not ruptured in the last thousand years (with the exception
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ruptured a northwest-trending

set of right-lateral faults for
50 km (Ross et al., 2019; Milliner and Donnellan, 2020).
Inversions of geodetic and seismological data (e.g., Chen et al.,
2020; Jin and Fialko, 2020; Qiu et al., 2020; Wang et al., 2020;
Xu et al., 2020), optical imagery (Barnhart et al., 2020; Milliner
and Donnellan, 2020; Milliner et al, 2021), and field-based
measurements (DuRoss et al., 2020; Ponti et al., 2020) indicate
a maximum of 1.5-2 m of left-lateral slip for the foreshock and
5-6 m of right-lateral slip for the mainshock. Coseismic slip
and aftershocks are limited to the upper ~15 km of the seis-
mogenic crust (Ross et al., 2019; Cheng and Ben-Zion, 2020;
Huang et al., 2020; Shelly, 2020). At the surface, the ruptures
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cut through young alluvium and Quaternary lake and playa
deposits, as well as bedrock outcrops of Mesozoic granite
(Jennings et al, 1962; DuRoss et al, 2020; Zimmaro
et al., 2020).

DATA AND METHODS

To characterize and quantify the surface displacements asso-
ciated with the Ridgecrest earthquakes, we used a series of
high-resolution (0.5 m) optical images that were acquired
before and after the earthquake sequence by the WorldView
and Pleiades satellites (Table S1, available in the supplemental
material to this article.). The pre-earthquake images are a com-
bination of archived mono-images from the WorldView and
Pleiades satellites acquired between May 2012 and June 2018
(Table S1). No major earthquake (M, > 5) occurred in this
area since the 1995 Ridgecrest sequence (Hauksson et al,
1995), and the interseismic strain rate in this area is relatively
low, as indicated by Global Navigation Satellite Systems
(GNSS) and Interferometric Synthetic Aperture Radar
(InSAR) measurements (e.g., Gan et al., 2000; Peltzer et al,
2001). Thus, images spanning 2012-2018 can be used safely
as reference for the pre-earthquake period. The postearthquake
dataset includes tri-stereo Pleiades images with three different
acquisitions covering the northwestern, the center, and the
southeastern parts of the rupture (Table S1). Those images
were acquired ~1.5 month after the earthquakes, over a span
of 20 days. Postseismic deformation for the two months period
after the earthquake series is estimated to be about 5 cm in the
line of sight of Sentinel-2 satellites (Brooks et al., 2020; Wang
and Biirgmann, 2020); therefore, the surface displacements
derived in this study likely include limited postseismic defor-
mation of a few centimeters. Because there was no stereo (or
tri-stereo) image acquisition with <0.5 m resolution between
the two earthquakes of the 2019 sequence, our measurements
combine surface displacements associated with both the main-
shock and the foreshock earthquakes, as well as approximately
two months of postseismic deformation. Milliner and Donnellan
(2020) used 3 m resolution Planet Labs satellite images collected
on a daily basis to separate surface faulting from the two events.
This enables us to assume that the northeast-trending surface
rupture is associated with the foreshock earthquake, whereas
the northwest-trending surface rupture occurred during the
mainshock earthquake (Ross et al, 2019; Barnhart et al,
2020). To image the whole area of the Ridgecrest surface rupture,
we used 14 combinations of pre-earthquake and postearthquake
images, referred to as tiles (Fig. S1 and Table S2). The image
processing described later was performed independently on
the 14 tiles, which were subsequently mosaicked to obtain a con-
tinuous displacement map.

To obtain the horizontal displacement field, we performed
subpixel cross correlation between the sets of pre-earthquake
and postearthquake images using the MicMac package (Rosu
et al., 2015; Rupnik et al., 2016, 2017). This method preserves
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the input image resolution of 0.5 m through the correlation
process and allows us to measure surface displacements with
a detection threshold down to 5 cm (approximately one-tenth
of the image resolution) for the most favorable signal-to-noise
ratios (Rosu et al., 2015; Delorme et al., 2020). Prior to corre-
lation, to correct for distortions related to variable viewing
angles and topography, each image was orthorectified using
a digital surface model (DSM) with a resolution consistent with
the images. Independent DSMs for the pre-earthquake and
postearthquake scenes were used to avoid orthorectification
errors due to the coseismic displacement between the pre-
earthquake and postearthquake image acquisitions.

For the pre-earthquake dataset, we ran image orthorectifi-
cation with two different pre-earthquake DSMs. We compared
the correlation results obtained with the two methods for each
image tile, and we kept the results showing lower orthorecti-
fication artifacts (Fig. S2). On the one hand, using MicMac, we
calculated a 0.5 m resolution pre-earthquake DSM from the
combination of diachronic WorldView and Pleiades images
(Table S1). On the other hand, we used a 2 m resolution
pre-earthquake DSM from Willis et al (2019) that we
resampled to a 0.5 m resolution. The DSM from Willis et al.
(2019) was computed from WorldView and GeoEye images
acquired in 2008 and 2016, and processed using COSI-Corr
(Leprince et al., 2007). For seven tiles out of 14 (Table S2), we
chose to use the DSM from Willis et al. (2019), because the
charge-coupled device (CCD) artifact from the WorldView
sensor was too large in our own DSM and impacted our cor-
relation results (Fig. S2). The external DSM from Willis et al.
(2019) is oversampled and introduced into the MicMac chain
to generate the ortho-images. It is coregistered with the
Plejades data based on the georeferencing information. For the
postearthquake dataset, postearthquake DSMs were computed
directly from the tri-stereo Pleiades acquisitions (Table S1).
Images and DSMs processed with MicMac are automatically
coregistered during the processing. Eventually, all images were
orthorectified using the MicMac package.

The subpixel correlation was performed between all
possible pairs of ortho-images. Because two to three pre-
earthquake images as well as three postearthquake images were
orthorectified for each tile (Table S2), we obtained between six
and nine correlation results for each displacement component
(east-west and north-south). Thus, for each component, we
calculated a mean displacement map from all the correlation
results, with a weighting based on the correlation score map of
each correlation result, to average out noise and to obtain the
cleanest possible displacement maps.

Finally, we computed the difference between the pre-earth-
quake and postearthquake DSMs to obtain the vertical dis-
placement field. We used the north-south and east-west
displacement maps computed previously to account for the
horizontal displacement of the corresponding pixels between
the pre-earthquake and postearthquake DSMs. We used a
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bivariate spline approximation to sample the postearthquake
DSM. Provided that our horizontal displacement maps are
correct, this approach ensures that we measure only elevation
differences due to the vertical displacement of the earthquake,
and that we do not introduce biases due to the topographic
mismatch  associated with  horizontal  displacements
(Delorme et al., 2020). Vertical uncertainty associated with
the DSMs processed with MicMac is close to the ground res-
olution, which is 0.5 m (Rupnik et al., 2018). Vertical uncer-
tainty for the 2 m pre-earthquake DSMs is not reported in
Willis et al. (2019). Topographic noise in the vertical displace-
ment maps arises from both vertical errors in the DSMs and, in
some areas, an imperfect match between the 0.5 m DSMs proc-
essed with MicMac and the oversampled 2 m DSMs from
Willis et al. (2019).

The 14 tiles of ground displacements in the east-west,
north-south, and vertical components were computed inde-
pendently; thus, they need to be brought together into a
common reference frame and be denoised to obtain consistent
displacement maps for the whole Ridgecrest rupture. For that
purpose, first, the tiles were corrected one by one from spuri-
ous signals like linear stripes (CCD artifacts) and sinusoidal
artifacts (residual signal from microvibrations of the satellite),
by modeling this noise in areas that do not include coseismic
signal and then by subtracting the artifacts model from the
whole tile. Next, we removed a linear ramp in each tile using
neighboring tiles as a reference, assuming that the tiles must
overlap in values in common areas. However, in the horizontal
components of displacements, this procedure could introduce
a long wavelength drift across the full mosaic, as the mosaic is
built step by step by aggregation of neighboring tiles. Thus, to
ensure that our correction method does not add supplemen-
tary artifacts to the final displacement maps, we compared our
final horizontal maps to 10 m resolution displacement maps
that we computed from correlation of Sentinel-2 optical images
(Fig. $3). Only one Sentinel-2 optical scene is needed to cover
the entire Ridgecrest area. Because the displacement maps
derived from Sentinel-2 include zones with known zero defor-
mation, they can be corrected for any large-scale drift to ensure
that these zero-deformation zones are actually equal to zero.
These lower-resolution data were then used as a reference
to correct potential large-scale trends in our high-resolution
results and to ensure that long wavelength signals in our dis-
placement maps represent coseismic deformation and not arti-
facts. For the vertical component, the coseismic signal is mostly
limited to the near-fault domain, so we extracted a linear ramp
in each tile to remove any large-scale offset to a zero reference.
Then, the tiles were merged.

We checked the low-frequency corrections applied to our
displacement maps against GNSS data from Floyd et al
(2020). Only three points are located within our study area,
which is limited to a width of 4-5 km on each side of the fault.
For these three points, the difference between our data and the
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GNSS data, in the east and north components, ranges from
0.04 to 0.44 m. The mean difference is 0.15 m for the east com-
ponent and 0.19 m for the north component. However, these
comparisons are of limited utility, because they are based only
on three points. Also, the time period used to account for the
earthquake deformation is much smaller in the GNSS dataset
(2-9 July 2019) than in the optical-image dataset (from 2012-
2018 to September 2019), leading to supplementary discrepan-
cies between the two datasets.

DESCRIPTION OF THE RESULTS AND
COMPARISON WITH INDEPENDENT DATA
Description of the rupture geometry and of the
near-fault displacement patterns

East-west, north-south, and vertical displacement maps
(Figs. 2 and 3a,b) reveal a complex surface rupture composed
of several tens of fault strands of various lengths (<1-20 km).
The results are almost in perfect agreement with the ruptures
mapped by DuRoss et al. (2020) and Ponti et al. (2020), based
on field observations crosschecked with geodetic data (e.g.,
optical, light detection and ranging). In a few cases, however,
we identified additional subparallel, or longer, fault strands
compared with what was mapped in the field. For example,
some cross faults striking northeast, located to the north of
the mainshock rupture and along the foreshock surface rup-
ture, were not reported in the field maps but are visible in our
maps (examples are indicated in Fig. 2a with white arrows.).
These additional fault strands have a length of the order of
1-2 km and accommodate up to a few tens of centimeters
of displacement. Thus, they need to be taken into account
when considering the total displacement budget. The displace-
ment maps also indicate zones where significant diffuse defor-
mation occurred around the different faults, and particularly at
bends and in relay zones. This type of deformation is difficult
to measure in the field, because it is spread across large distan-
ces from the fault (>500 m), and as it is difficult to find specific
markers at the surface that allow for measuring this part of the
deformation (e.g., Rockwell et al., 2002). In the optical-based
displacement maps, diffuse deformation shows up as large-
scale displacement gradients and can be measured. In the
example of profile B-B’ (Fig. 2b), we observe a diffuse defor-
mation gradient at a stepover located south of the intersection
between the foreshock and the mainshock rupture traces. The
zone of diffuse deformation extends ~1 km to the northeast of
the mainshock surface rupture (Fig. 2a) and accommodates up
to 1 m of displacement (Fig. 2b).

Using the east-west and north-south displacement maps
(Figs. 2a and 3a), we derived in 2D the curl (antisymmetric
part of the displacement gradient, Fig. 3¢c) as well as the dilata-
tional and maximum shear components of strain (Fig. 3d,e), to
better image the deformation processes associated with the
foreshock and mainshock ruptures. The equation for the maxi-
mum shear strain is y = £(A, — 1,)/2(A;1,)/2, with 1, as the
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Figure 2. (a) East-west surface displacement map for the 2019 Ridgecrest
earthquake sequence. Ground resolution is 0.5 m. USGS epicenter loca-
tions (See Data and Resources.) are reported with a red star for the foreshock
(35.705° N and —117.505° W) and a blue star for the mainshock (35.77° N
and —117.60° W). Surface rupture map from DuRoss et al. (2020) is overlaid
in black. Examples of fault offsets measured in our displacement maps but not
reported in the field are indicated with white arrows. Zones of cross faults
striking northeast to the north and south of the mainshock rupture are
indicated by dashed circles. Azimuths of the mainshock rupture primary fault
trace are indicated at three locations with black arrows. Lateral displacement

6 o Bulletin of the Seismological Society of America

profiles A—A’ and B—B’, in the fault-parallel component of displacement, are
presented in (b). Lateral profiles C—C" and D-D’ in the three components of
displacement are presented in Figure 7. Names of the major topographic
features in the region are labeled in bold italic. Location of figures in
Appendices is reported in light gray. (b) A-A" and BB’ across-fault dis-
placement profiles in the fault-parallel component of displacement. Each swath
profile is 100 m wide and 3 km long. Profile A—A’ crosses a linear fault zone,
whereas profile B-B’ crosses a relay zone with large diffuse deformation. The
color version of this figure is available only in the electronic edition.
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Figure 3. (a,b) Same as in Figure 2a for the north—south and vertical com- Positive curl corresponds to clockwise rotation and positive dilatation to
ponents of displacement. Field rupture map is overlaid in (b). (c) Curl, extension. The color version of this figure is available only in the electronic
(d) norm of maximum shear strain, and (e) dilatational strain maps cal- edition.

culated from the horizontal displacement maps at a 5 m ground resolution.
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maximum elongation and A, as the minimum elongation
(Ramsay, 1967). The magnitude of this value does not depend
on the orientation of the shear. These calculations were per-
formed using MATLAB (see Data and Resources) codes by
Allmendinger et al. (2012) to calculate the Lagrangian finite
strain tensor from horizontal displacement gradients. Before
performing the strain calculations, we downsampled the dis-
placement maps to consider only deformation patterns coher-
ent over at least a few meters and to reduce correlation noise
(Cheng and Barnhart, 2021). Downsampling the displacement
maps is equivalent to applying a low-pass filter, because we
consider an “averaged” displacement value over a 2 or 5 m win-
dow using the nearest neighbor interpolation. Downsampling
was either to a 5 m ground resolution to analyze the rotation
and strain patterns at the scale of the whole rupture or to a 2 m
ground resolution to analyze details of the rupture in some
specific areas.

At the scale of the whole rupture, the curl map (Fig. 3c)
reveals a clockwise rotation inside the FZW for the north-
west-striking fault sections that ruptured right laterally during
the mainshock (faults strike from N133° to N175°, mean azi-
muth is N140°). An anticlockwise rotation is similarly evi-
denced inside the surface rupture zone for all the northeast-
trending fault sections that ruptured left laterally. The major
northeast-trending fault strands, located close to the foreshock
epicenter, are associated with the foreshock earthquake,
whereas those located around the northern and southern tips
of the mainshock rupture are associated with the mainshock
earthquake (Ross et al., 2019; Shelly, 2020). The motion evi-
denced by the curl map (Fig. 3¢) is consistent with field-based
offsets measurements (DuRoss et al., 2020). The map of the
norm of maximum shear strain (Fig. 3d) reveals shear defor-
mation on all the faults identified in the displacement maps
(Figs. 2 and 3a,b). A maximum shear strain of 0.1 (10%) is
measured along the faults near the center of the rupture,
roughly around the mainshock epicentral area. This value is
2 orders of magnitude greater than the maximum possible
strain, 0.5%, which can be accommodated by elastic deforma-
tion (Lockner, 1998). This 0.5% threshold corresponds to the
elastic limit of rocks, calculated as the mean ratio of yield stress
to Young’s modulus. So, any strain larger than this 0.5%
threshold must correspond to inelastic strain. In our case, most
of this inelastic deformation actually corresponds to brittle
deformation along faults. This 10% value is in agreement with
results from Barnhart et al. (2020), who also measured surface
deformation using image correlation for the Ridgecrest earth-
quakes. However, unlike Barnhart et al. (2020), we do not mea-
sure significant dilatational strain across the fault zone
(Fig. 3e). Instead, similar to what was found by Milliner et al.
(2021), our deformation signal is dominated by rotation and
shear strain (Fig. 3c,d). This difference in the dilatational strain
might be related to the regularization while inverting the sur-
face displacement fields in Barnhart et al. (2020). Conversely,
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our method directly derives 2D strains from the surface
displacement fields, without performing any inversion.

To the north of the mainshock rupture, we identify a set of
faults that exhibit changes in strike from N42° to N15° when
moving northward (Figs. 2a and 3a). These faults form a right-
stepping connection with the Coso basin located to the north
of the Ridgecrest surface rupture (Jobe et al., 2020). They have
a similar orientation to the pre-2019 earthquake structures
(Jobe et al., 2020) that relate to the east-northeast-west-south-
west (N65°-N75°) extension in the Coso basin (Roquemore,
1980). Just south of this set of faults, near the northern border
of China Lake, we observe a 5 km large pull-apart basin
bounded by two faults that accommodate slip both in the hori-
zontal and vertical components. This basin is located at a bend
in the rupture trace, with the main fault azimuth changing
from N140° to N152° in the southward direction. This basin
shows evidence of long-term subsidence (Jobe et al., 2020). It
also represents the largest subsidence feature along the
Ridgecrest rupture, with a maximum vertical displacement of
—2 m at its center (Fig. 3b). No ground surface rupture could be
identified in the field or in the displacement maps that bound
the basin to the south. However, there we measure a sharp gra-
dient of displacement in the east-west and vertical directions
(Figs. 2a and 3b), suggesting that a blind fault ruptured at
depth. The interior of the basin is characterized by strong
decorrelation, which is associated with liquefaction that was
recognized in the field by Zimmaro et al. (2020).

The M,, 7.1 epicenter is located just south of this pull-apart
basin. At least eight distinct fault strands accommodated defor-
mation in this area (Fig. 4a). Altogether, they define an exten-
sional jog with up to 2 m of subsidence (Fig. 4c). Most of these
structures were reported in the field map (DuRoss et al., 2020;
Ponti et al., 2020), although the detail of the structures and
associated diffuse deformation zones could not be resolved
using discrete measurements. In this area of the rupture, fault
strand 5 is considered to be the primary fault, because it rep-
resents the longest continuous fault strand and accommodates
the most prominent right-lateral strike slip along the main-
shock rupture. In the subsequent discussion, we refer to other
faults observed in this region as secondary fault strands.

In the epicentral area, fault strands 5, 10, and 11 accommo-
date the largest amounts of rotation (Fig. 4d,g) and shear strain
(Fig. 4e,h). Fault strands 5 and 10 are subparallel and likely
connect at shallow depth. Our results suggest that coseismic
displacement is distributed equally between these two strands
(Fig. 4h). Similar observation is made for fault strands 5 and
11. Conversely, secondary fault strands 7, 8, 9, 12, and 13
accommodate very little rotation and shear strain, and are
barely detectable in the profiles (Fig. 4g,i). When looking in
detail at the surface rupture pattern, we can still detect limited
areas of contraction or dilatation associated with variations in
the rupture azimuth. Fault strands from the extensional jog at
the center of this area (faults strands 5, 7, 8, and 9) display
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positive dilatation, meaning that some opening occurred
on those strands (Fig. 4f). This is also consistent with the
subsidence that we measured in the area (Fig. 4c).
Compressional strain is conversely measured in the small com-
pressive jog between fault strands 10 and 11 (Fig. 4f). Figure 4f
shows, however, that for sections with an azimuth close to
N152° (mean azimuth in this area of the rupture), the dilata-
tion pattern is mostly close to zero, alternating frequently from
dilation to compression. Milliner et al. (2021) suggested that
this pattern could be a consequence of variations in the
curvature of the fault at length scales of hundreds of meters,
which represent small alternate transtensional and transpres-
sional bends. At a much smaller scale, we propose that
pixel-by-pixel discrepancies in the east-west and north-south
displacement maps in the fault zone can result in such high-
frequency variations in the dilatational strain.
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Figure 4. (a—f) Displacement, rotation, and strain maps for the epicentral
area of the M,, 7.1 Ridgecrest earthquake. (a) East-west, (b) north—
south, and (c) vertical displacement maps. (d) Curl, (¢) norm of maximum
shear strain, and (f) dilatational strain maps at 5 m ground resolution. Inset
in (d) shows an area of diffuse rotation with adjusted color scale. Profiles
across the fault zone in the curl, norm of maximum shear strain, and
dilatation maps are presented in (g), (h), and (i), respectively. Profiles in
(g) and (i) are 50 m wide. Profile in (h) is 25 m wide. High-frequency noise
results from ground texture variations. Fault labels as in Figure 9a. The color
version of this figure is available only in the electronic edition.

In addition to complex localized deformation, the epicentral
area is also characterized by some diffuse deformation. One
example is the potential blind fault identified to the northeast
of the area imaged in Figure 4a. At this location, a fault was
neither mapped in the field nor could a localized offset be
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detected in the displacement map. However, we could measure
about 0.10 m of right-lateral diffuse deformation across that
feature. Diffuse deformation pattern is also visible in the dis-
placement maps between fault strands 5, 7, and 8 (Fig. 4a), and
it appears as negative rotation (anticlockwise) in the curl map
(Fig. 4d,g). This pattern occurs in response to right-lateral slip
on subparallel fault strands 5, 7, and 8.

South of the mainshock epicentral area, a large secondary
subparallel fault located east of the primary fault trace (Fig. 5b)
corresponds to a right-lateral fault that ruptured twice at depth
during the foreshock and the mainshock earthquakes (Ross
et al., 2019; Huang et al., 2020; Wang and Biirgmann, 2020).
Even if there is no unambiguous evidence that slip reached the
surface on this northwest-striking fault during the foreshock
(DuRoss et al., 2020; Milliner and Donnellan, 2020), this rup-
ture is located above one of the seismic subevents forming the
foreshock (Ross et al., 2019). Between this fault strand and the
primary fault strand, we observed a small area that moved west,
whereas the rest of the block moved east (Fig. 5a). Optical sat-
ellite images at this site show that this area is characterized by
very fine sediments, likely clay, with multiple subparallel
shorelines associated with successive high stands of the China
Lake. These shorelines are outlined by whitish evaporite salt.
Deposits of fine clay sediments are visible at the foot of the
Argus Range (Fig. 5b). Correlation can be observed between
the shape of the displacement pattern on its southeastern
extremity and the shape of the contour lines, suggesting some
slope-instability process. Thus, we propose that this zone is
located in between the two ruptures strands for which motion
seems inconsistent with the general deformation pattern and is
associated with local decoupling of the upper sedimentary
layers from deeper units during lateral spreading of the
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Figure 5. (a) East—west displacement map along the mainshock surface rup-
ture where decoupling between the sediments and the base rocks is
observed. Contour lines are extracted from a pre-earthquake digital surface
model (DSM) at 2 m ground resolution (Willis et al., 2019). (b) Landsat
image of the surface rupture captured on 14 July 2019. Surface rupture map
is from DuRoss et al. (2020) and shaking-induced structures from Ponti et al.
(2020). The southeastern limit of the decoupling area seems to correspond
to the limit between fine sediments from Indian Wells Valley and coarser
deposits from the Argus Range (black dashed line). This limit is inferred from
the variation in texture of the deposits visible on the images. The color
version of this figure is available only in the electronic edition.

clay-rich sediments in response to the earthquake shaking.
This interpretation is consistent with documentation of
shaking-induced structures in the field by Ponti et al. (2020).

Farther south, the mainshock rupture deviates to an azi-
muth of N134° and crosses the foreshock surface rupture
(Fig. 2a). At the exact junction between these two ruptures,
we cannot identify structures from the foreshock that were oft-
set by the mainshock in the displacement maps (Fig. 6). In fact,
we count 11 different northeast-trending fault strands, includ-
ing the two major left-stepping structures (indicated with
larger arrows in Fig. 6a), which stop at the junction with the
mainshock; seven northeast-trending faults strands are visible
on the southwestern side of the mainshock rupture, and four
northeast-trending fault strands are visible on the northeastern
side of the mainshock rupture (Fig 6a). However, it appears
that none of these fault strands clearly crosses the mainshock
fault. Instead, we observe that the two major left-stepping
structures stop at the mainshock fault and split into smaller
fault strands on the other side. The two major strands of the
foreshock rupture that are located, respectively, east and west
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of the mainshock rupture show an apparent left-lateral offset of
about 2 km across the main fault zone. This is inconsistent with
the right-lateral sense of motion of the mainshock fault and
suggests that the foreshock rupture propagated on two distinct
structures on either side of the mainshock causative fault. One
possible explanation is that the fault that was activated during
the mainshock is likely more active and accumulates larger
deformation at the fault zone than the one activated during
the foreshock, because the main fault is more closely aligned
with the current regional deformation pattern. Thus, the main
active fault zone may represent a barrier for the propagation of
the foreshock rupture.

In this area, the displacement associated with the main-
shock rupture is, at a first order, accommodated by one pri-
mary fault (Fig. 6). However, when zooming on the junction,
we can see that this primary fault is in fact formed by a series of
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Figure 6. (a) East—west and (b) north—south displacement maps at the junc-
tion between the foreshock and mainshock surface ruptures. Small cross
faults indicated in (a) are examples of very small faults (roughly aligned with
the foreshock azimuth) that were for the most part not mapped in the field
(Fig. 2a). In (b), en echelon faults in the trace of the mainshock surface
rupture are indicated by black arrows. Only the major one, labeled “en
echelon,” was mapped in the field (Fig. 2a). (c) Map of the curl at 2 m
ground resolution for a zoom area in (a) and (b) (See location in a,b.). Long
cross faults belong to the foreshock surface rupture. Small cross faults
located between the en echelon faults belong to the mainshock surface
rupture. Diffuse rotation is visible between the small cross faults, indicated
by denser yellowish color between faults. (d) Interpreted curl map with the
visible cross faults belonging to the mainshock rupture mapped in red (0.1-
0.4 m of north—south [N-5] slip). The color version of this figure is available
only in the electronic edition.
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Figure 7. (a) Fault-parallel, fault-normal, and vertical displacements along profile C—C’ (Fig. 2a) across the pull-apart
basin in the mainshock surface rupture. Faults 4 and 5 are antithetic and dip toward the center of the basin with an
angle of 40° (fault-dip angle is the arctan of vertical displacement over fault-normal displacement). (b) Fault-
parallel, fault-normal, and vertical displacements along profile D-D’ across a compressional jog along the foreshock
surface rupture (Fig. 2a). For each profile, the linear regression used to measure the displacement is shown by
colored lines. Error associated with the offset values corresponds to std2. A zone of diffuse deformation along C—C’
is indicated with an orange arrow. Interpreted fault-normal C—C’ profile is proposed (dashed green) in the fault
zone. Noise circled in gray in C—C’ corresponds to liquefaction identified in Zimmaro et al. (2020). Other types of
noise, generally associated with charge-coupled device (CCD) camera and orthorectification issues, are indicated at
few locations with black dashed circles. The color version of this figure is available only in the electronic edition.

located southwest of these
primary faults are visible in
the field rupture map (Fig. 2a)
and slipped ~0.20 m. The main-
shock surface rupture termi-
nates to the southeast into a
set of several small left-lateral
faults with azimuths such as
those of the foreshock, the faults
mapped to the northern end of
the rupture (Fig. 2a), and at the
junction between the main-
shock and the foreshock
(Fig. 6). All these structures
accommodate left-lateral hori-
zontal motion (Fig. 3c).

Quantification of fault-
parallel, fault-normal, and
vertical displacements
along the ruptures
In the following section, we
document along-strike varia-
tions of the horizontal displace-
ments, decomposed into fault-
parallel and fault-normal direc-
tions, as well as of the vertical
component, and we analyze the
results with respect to the fault
geometry described previously.
Swath profiles 100 m wide
and 8 km long placed
perpendicular to the local strike
of the rupture are used to char-
acterize the processes accom-
modating deformation in the
fault zone. Here, we focus on
quantifying the number of fault
strands activated with their
respective amount of slip, and
the diffuse deformation for the

en echelon, left-stepping faults oriented in the north-south
direction (Fig 6b). These en echelon faults are connected by
subparallel sinistral faults (Fig. 6¢,d). These sinistral faults have
similar orientations to the faults associated with the foreshock.
Diffuse clockwise rotation is also evident between those
faults (Fig. 6d).

South of the junction with the foreshock rupture, the main-
shock surface displacement is accommodated by two primary
faults separated by a stepover (Fig. 2a). Several secondary faults
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foreshock (Fig. 7a) and main-
shock surface ruptures (Fig. 7b).
The criteria used to differentiate
localized fault slip from diffuse deformation are the angle and the
shape of the displacement gradients. Localized fault slip shows
up in profiles as subvertical linear gradients with well-defined
extremities. Conversely, diffuse deformation shows up as
long-wavelength gradients with smooth transitions toward the
far-field trends. Width of the deformation zone cannot be used
as a criterion to differentiate localized slip on a surface fault
strand and diffuse deformation in the bulk medium. In fact,
large-amplitude localized fault slip can generate a deformation
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zone several hundred meters wide (Faulkner et al., 2011; Fig. $4).
Conversely, a rupture zone with a low-amplitude total offset
accommodated through diffuse deformation can occur over a
limited width of a hundred meters (e.g., blind fault in Fig. 4a).
Diffuse deformation is essentially described in the fault-parallel
component of displacement, because fault-normal and vertical
displacement profiles are more affected by noise; thus, the differ-
ence between diffuse gradients and slip offsets can be ambiguous.

Profile C-C’ (Fig. 7a) goes across the pull-apart basin to the
north of the mainshock rupture (Fig. 2a) and shows that the
fault-parallel displacement localizes on three different fault
strands. Two of these fault strands (fault strands 5 and 6,
Fig. 7a) are only 200 m apart and constitute the eastern border
of the basin. They likely join at shallow depth. The third fault
strand corresponds to the western border of the basin (fault
strand 4, Fig. 7a). Fault strands 4, 5, and 6 have ~40° dip
(Fault-dip angle is computed as the arctan of vertical displace-
ment over fault-normal displacement.), although strand 4 dips
in the opposite direction of strands 5 and 6, because they cor-
respond to different edges of the basin. Fault strand 5 is the
primary fault strand of the rupture, as it continues southward
toward the epicenter, whereas the two other strands remain
limited to the basin. In this area of the rupture, secondary fault
strands 4 and 6 take up to 50% of the surface displacement.
Diffuse deformation is also measured inside the basin area.
This gradient is in the same direction as the slip offsets
(decreasing toward the east), meaning that this zone accom-
modates right-lateral shear and contributes to the overall
budget of displacement across the fault zone. Some decorrela-
tion is visible in this area in the displacement maps (Figs. 2a
and 3a) that is related to liquefaction (Zimmaro et al., 2020).

Extension on the C-C’ profile occurs on both sides of the
basin with 0.57 m on the western side (fault strand 5, Fig. 7a)
and 0.30 m on the eastern side (fault strand 4, Fig. 7a).
However, we measure shortening on the fault strand central
to the basin (fault strand 6) as well as some diffuse shortening
inside of the basin. Similarly, Milliner et al. (2021) measured
dilatation on fault strands 4 and 5, and contraction on fault
strand 6. Our strain calculations (Fig. 3d,e) are consistent with
these observations. The maximum subsidence inside the basin
along the C-C’ profile (Fig. 7a) is 1.4 m, although the total
effective vertical displacement across the basin is only 0.14
£0.06 m. Total extension across the 2.2 km wide fault zone
is only about 0.10 m, which is smaller than the 0.14 m uncer-
tainty on the measurement itself.

Profile D-D’ (Fig. 7b), which goes across a small compres-
sive bend that is located along the foreshock rupture, shows
deformation localized on three fault strands for the fault-par-
allel] component. These fault strands are separated from each
other only by ~120 m, and no significant diffuse deformation
is accommodated between the localized ruptures. However,
shortening and vertical displacements occur only on the two
fault strands located to the south, whereas the northern strand
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accommodates only strike-slip motion. This suggests that some
partitioning occurred between the fault-parallel and fault-nor-
mal displacements throughout the fault system.

To quantify along-strike variations of surface displace-
ments, we extracted 123 and 460 swath profiles across the sur-
face ruptures associated with the M,, 6.4 foreshock and the
M, 7.1 mainshock, respectively. Swath profiles are similar
to those from Figure 7: 100 m wide and 8 km long (Fig. 7),
perpendicular to the local strike of the rupture (Fig. 2).
Successive profiles are spaced every 120-150 m. For each pro-
file, the total surface displacement was estimated by measuring
the offset at the fault location between linear regressions fitting,
respectively, the displacements on either side of the fault zone
(Fig. 7 and Fig. S5). The parameters of each regression were
tuned to fit the greatest arctangent-shape or linear-shape gra-
dients and accommodate the variable width of the fault zone
that ranges from highly localized (30-40 m) to widely distrib-
uted (~2.5 km). In addition, each profile was manually
inspected and adjusted to make sure that each fit is not biased
by spurious data related to noise in the correlation maps. The
total displacement measured on the profile includes either
localized slip on faults or diffuse deformation, or both, as
shown in profile C-C’ (Fig. 7a). Using this method for each
profile, we measure the maximum surface displacement.
Theoretical precision of the measurement is 0.05 m, but here
we consider a conservative uncertainty of 0.10 m to account for
the noise that is present in the displacement maps (orthorec-
tification bias and correlation noise). Mean standard deviation
for individual offset measurement, referred to as std1, is almost
constant along the slip curve. This corresponds to the aleatoric
uncertainty arising from the noise in the data. Respectively, for
the parallel, normal, and vertical component of displacement,
std1 is 0.06, 0.06, and 0.08 m for the mainshock, and 0.09, 0.06,
and 0.14 m for the foreshock slip curves. Impact of the posi-
tioning of the linear regressions on each side of the fault, which
corresponds to the epistemic source of error (std2), was
assessed by analyzing independently several times the displace-
ment profiles. These profiles were systematically taken across
displacement maps at different resolutions (2, 3, 4, and 5 m,
Fig. S5). This allows us to assess the influence of the map
downsampling on the measured offsets. We then took the stan-
dard deviation over the four displacement values measured at
various map resolutions at each point along the ruptures
(Fig. S4). Std2 represents the reproducibility and reliability
of the measure, and was plotted as an error bar in Figure 8.
We separately estimated the mean std2 for the foreshock
and the mainshock ruptures, because the amplitude of the dis-
placement and number of profiles are different. In the case of
the mainshock, we estimate a mean std2 of 0.07, 0.14, and
0.06 m, respectively, in the fault-parallel, fault-normal, and
vertical components. In the case of the foreshock, we estimate
a mean std2 of 0.09, 0.06, and 0.04 m, respectively, in the fault-
parallel, fault-normal, and vertical components.
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Figure 8. Fault-parallel (red), fault-normal (green), and vertical (blue) slip
distributions for the M,, 6.4 foreshock earthquake in (a) and for the

M,, 7.1 mainshock earthquake in (b). Epicenter locations (red stars) and
junctions between the foreshock and mainshock rupture (green triangles)
are projected on the x axis. Positive fault-normal displacement corresponds
to extension. Positive vertical displacement corresponds to uplift on the
northern wall of the rupture for the foreshock and to uplift on the eastern
wall of the rupture for the mainshock. Cumulative moving mean of field data
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from DuRoss et al. (2020) are in orange. Optical results from Milliner and
Donnellan (2020) in black, cumulated for the mainshock over three of the
subparallel fault strands considered in their study. Both datasets (DuRoss
et al., 2020; Milliner and Donnellan, 2020) are in the fault-parallel com-
ponent of displacement. S1, S2, and S3 correspond to the rupture segments
discussed in the Localized Slip versus Diffuse Deformation for the M,, 7.1
Mainshock Earthquake section. The color version of this figure is available
only in the electronic edition.
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We also calculated the coefficient of variation (CV) on our
measurements. CV corresponds to the ratio between std2 and
the mean value of the displacements, measured in the maps
at various resolutions. The mean CV in the fault-parallel
component is 0.13 for the foreshock rupture and 0.04 for the
mainshock rupture. This highlights that large-magnitude dis-
placements as for the mainshock rupture are less impacted by
correlation noise and present a lower variability than lower-
magnitude displacements, as observed for the foreshock, which
displays a larger CV. In the fault-normal component of dis-
placement, CV is 5.09 and 1.46, respectively, for the foreshock
and mainshock ruptures. Because CV is the ratio between std2
and the mean offset value at a point, it tends toward large val-
ues when the offset values are close to zero. Hence, the mean
CV for the fault-normal component of displacement is likely to
be less meaningful because of the recurrent changes from
positive to negative sign in the displacements (Fig. 8).
Furthermore, CV for the vertical displacement offsets could
not be assessed, because a large number of measurements are
close to zero, which renders CV essentially infinite.

Fault-zone displacements were easier to estimate in the
fault-parallel component, because the signal-to-noise ratio as
well as the CV are significantly better. Also, offsets in this com-
ponent show consistency along strike, either right lateral or left
lateral depending on the earthquake (mainshock or foreshock).
In contrast, fault-normal and vertical displacements are more
variable, following local variations in the fault geometry that
result in an additional dip-slip component. Offset measure-
ments for each of the 123 and 460 swath profiles, respectively,
taken across the foreshock and mainshock ruptures are pro-
jected along the mean rupture azimuth for each earthquake
(N42° for the foreshock and N140° for the mainshock). The
resulting curves are presented in Figure 8 with the error
envelope corresponding to std2 at each profile.

The fault-parallel slip curve for the foreshock earthquake
(Fig. 8a) has a concave shape with a peak of maximum left-
lateral slip of 1.3 + 0.09 m at —8.5 km, approximately in the
middle of the fault section southwest of the junction with the
M., 7.1 rupture, and a mean left-lateral slip of 0.73 + 0.09 m. At
the southwestern end of the rupture, slip decreases linearly
until it reaches zero. Unfortunately, the last kilometer of
northeastern termination of the foreshock rupture is not
covered by our images. Field- and satellite-based measure-
ments in this area, however, suggest that slip continues
decreasing linearly in this direction (DuRoss et al., 2020;
Milliner and Donnellan, 2020). We also measure a maximum
of 0.2 m of shortening and 0.4 m of uplift between -6 and
-8 km, corresponding to the location of a small restraining
bend (Fig. 2a), highlighted by profile D-D’ (Fig. 7). The
fault-parallel surface-slip distribution for the mainshock earth-
quake (Fig. 8b) is more complex than for the foreshock earth-
quake (Fig. 8a). The mean right-lateral slip is 2.13 + 0.06 m,
with a maximum of 5.6 + 0.06 m located 2.5 km southeast from
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the epicenter. This maximum peak corresponds to the sum of
slip offsets on fault strands 5, 11, 12, and 13 (Fig. 4a), in addi-
tion to some diffuse deformation occurring in the surrounding
areas. Details of the slip offsets on each fault strand of the rup-
ture are presented in the Localized Slip versus Diffuse
Deformation for the M, 7.1 Mainshock Earthquake section.
The variability in the slip function combined with surface rup-
ture azimuth changes suggest that the mainshock rupture is
divided into three domains: a maximum slip domain that sur-
rounds the epicenter (S2, —6 to 12 km), a linearly decreasing
slip domain northwest of the epicenter (S1, 22 to —6 km), and
a constant slip domain where slip is about 1.5 m for 22 km to
the end of the rupture (53, 12-34 km). This last domain is sep-
arated from the maximum slip domain by the intersection with
the foreshock surface rupture, and it ends abruptly to the
southeast where the rupture ends. The length of these three
displacement domains S1, S2, and S3, defined based on the sur-
face displacement pattern (Fig. 8b) and the rupture geometry
(Fig. 2a), is consistent with rupture segmentation generally
observed for continental strike-slip fault ruptures (~18 km,
Klinger, 2010); thus, each domain will be referred to as a seg-
ment of the rupture.

Deciphering a systematic displacement pattern for the
perpendicular and the vertical components of the displacement
is more difficult, because each component’s amplitude varies
substantially along strike. Fault-normal slip curve varies accord-
ingly to the changes in rupture geometry (Fig. 8b). Indeed,
extension is measured around the epicentral area and
along the whole central section of the rupture (from -5 to
8 km, Fig. 8b), where the fault trend is N152°, 12° clockwise from
the N140° mean strike (Fig. 2a). This extension coincides with
subsidence in the area (Fig. 4c) and with dilatational strain on
several faults (Fig. 4f). Conversely, we measure shortening in an
area where the fault deviates by 6° anticlockwise (N134°) from
the mean azimuth (8-22 km in Fig. 8b and geometry of the fault
in Fig. 2a). As for the vertical component, although it is affected
by significant noise, the general trend shows relative subsidence
to the east of the rupture along the northwestern section
(~—0.50 m) and east-side uplift along the southeastern extent
of the rupture (~+0.50 m). A similar long-wavelength pattern
has also been observed from radar interferometry (Fielding et al.,
2020; Fialko and Jin, 2021). This pattern is coherent with the
locations of the compressional and tensional lobes that result
from the elastic deformation field of the right-lateral mainshock
rupture. Based on the modeling of a dislocation intersecting the
free surface in an elastic half-space, Fialko et al. (2001) have
shown that the vertical uplift at the tips of the 1999 Hector
Mine strike-slip rupture represents 10% of the strike-slip offset.
These findings agree well with the ratio of about 0.50 m of ver-
tical motion for about 5 m of horizontal displacements mea-
sured in our study (Fig. 8b). At a larger scale, the coseismic
vertical displacement (Fig. 3b) is consistent with the long-term
landscape morphology; the area of the current depocenter of
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China Lake as well as the basin located to the northeast of the
rupture (close to the Coso area) have subsided during the earth-
quakes. In contrast, the area northwest of the northern rupture
termination is uplifting, which is consistent with the presence of
the White Hills mountain anticline (DuRoss et al., 2020; Jobe
et al, 2020).

A comparison of our results in the fault-parallel component
with optical results from Milliner and Donnellan (2020) and
field data from DuRoss et al. (2020) reveals that our measure-
ments are generally larger than prior work. This result also
applies to previously published higher resolution optical
image-based studies (Gold et al, 2021; Milliner et al., 2021;
Fig. S6). A first explanation regarding results from Milliner
and Donnellan (2020) is that they use lower-resolution images
combined with large correlation windows (Input image resolu-
tion is 3-5 m, and output resolution of the displacement maps is
87 m.), which might result in averaging out the displacement
signal over large areas, leading to an underestimation of the peak
signal. A second explanation regarding all optical-based results
relates to the method used to measure the total displacement. In
this study, we include diffuse deformation gradients taken over a
wide aperture (>500 m) that might arise from variations of
slip on the fault plane at shallow depth. As described previously
in this study, diffuse deformation might include the elastic
response of the medium to subsurface slip, in addition to surface
inelastic deformation. Thus, our data represent the maximum
displacement envelop for this rupture. It includes all the meas-
urable surface displacements in the rupture area, up to a few
kilometers away from the primary fault, without distinction
on the type of deformation. Other studies do not incorporate
these large-scale gradients into their surface-slip estimations.
They focus on fault displacement and local OFD over apertures
of a few hundred meters (Milliner and Donnellan, 2020; Gold
et al., 2021; Milliner et al., 2021), and provide estimations of the
surface inelastic deformation along major faults. Finally, regard-
ing the field observation, as already observed for previous events
(Klinger et al., 2005; Milliner et al., 2015; Zinke et al., 2019), the
field data usually only include offsets along localized deforma-
tion structures. In fact, except in unusual cases in which long
piercing lines are available (Rockwell et al., 2002; Rockwell
and Klinger, 2013), it is difficult to incorporate diffuse deforma-
tion into field measurements. Thus, the field data generally
report a minimum measurement of fault displacements com-
pared with a more integrated measurement performed by image
correlation (Delorme et al., 2020).

Localized slip versus diffuse deformation for the

M,, 7.1 mainshock earthquake

Although in the previous sections we had systematically inte-
grated the deformation across the entire rupture zone (Fig. 8b),
in the following we examine the detail of the individual slip
distribution for 20 fault strands along the mainshock rupture
that can be recognized in our horizontal displacement maps
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(Fig. 9a,b). Hence, in many places, this involves looking at
the individual slip distribution for several subparallel rupture
strands. Still, faults shorter than 1 km were aggregated with the
largest structure nearby. Also, individual faults have widths
ranging from a few meters to a few hundred meters (e.g., red
profile in Fig. S4) and include some of the rock damage that
occurs in the direct vicinity of the fault structure. This is differ-
ent from what is generally done in other studies that estimate
localized deformation on visible fractures of widths of a few
meters only and fault damage over scales of a few hundred of
meters (Cheng and Barnhart, 2021; Gold et al., 2021). Hence,
by subtracting the sum of the localized deformation along each
different rupture strand from the deformation integrated over
the whole fault zone (Fig. 8b), we estimate the amount of
diffuse deformation, corresponding to the long-wavelength
and low-amplitude gradients of deformation that occurs away
from the primarily visible deformation areas (e.g., Fig. 2b,
profile B-B’) at every location along the rupture (Fig. 9b).

Faults in gray in Figure 9a did not accommodate right-lateral
slip and were not included in the fault displacement budget.
They accommodated either left-lateral slip (for the northeast-
trending faults) or extensional deformation (faults west of the
epicenter). Also, any individual structure accommodating
0.10 m or less of right-lateral slip is likely below our detection
threshold and considered as part of the diffuse deformation con-
tribution to the total displacement budget. For all individual
fault strands, Figure 9b shows that our measurements are in
good agreement with the data collected in the field. As discussed
earlier, our measurements usually correspond to the maximum
envelop of the field data. Part of the reason for that might be
short or low-quality piercing lines, which make the documen-
tation of diffuse deformation in the field difficult, if not impos-
sible (McGill and Rubin, 1999). A couple of field datapoints
appear to be larger than what we could measure in the corre-
lation map. These points, however, have large uncertainties, and
our measurements agree within error. Thus, the overall consis-
tency between our dataset and the field measurements validates
our measurement methodology based on the swath profile
analysis and strengthens our assessment of the diffuse compo-
nent of the total displacement budget.

The distribution of the diffuse deformation along strike fol-
lows a pattern similar to that highlighted by the distribution of
the total fault-parallel slip (Fig. 8b) and the rupture geometry
(Fig. 9a). Along the first segment (S1), diffuse deformation
(gray domain, Fig. 9b) dominates the total displacement
budget (black curve, Fig. 9b), whereas localized deformation
remains limited along fault strands 1, 2, and 3 (colored curves,
Fig. 9b). When moving toward the epicenter, the amount of
diffuse deformation increases in parallel with the total dis-
placement budget. At its maximum along segment S1, diffuse
deformation reaches 2 m in places where no localized defor-
mation in the right-lateral direction is observed at the ground
surface. Along fault strand 3, where localized deformation is
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found, the diffuse deformation represents 25% of the total dis-
placement budget for the fault-parallel component. In total,
diffuse deformation in this region of the rupture represents
81% for a mean right-lateral slip of 1.21 m.

Segment S2 is separated from S1 by the large pull-apart
basin. There we measured an abrupt increase of slip on fault
strand 5 from —4 to -3 km (~0.5-3.5 m, Fig. 9b). Along seg-
ment S2, beside the pull-apart area that bounds the segment to
the north, most of the deformation is localized on the fault
strands up to 100% of the total deformation in several places.
Only 18% of the surface displacement budget is accommodated
through diffuse deformation in S2 for a mean right-lateral slip
of 3.53 m. The fault pattern described based on field observa-
tions (DuRoss et al., 2020) is complex with the slip distributed
on several subparallel fault strands. Fault strand 5 is the pri-
mary fault strand that in many places accommodates more
than 60% of the total localized slip. In addition to fault strand
5 at the center of the rupture, 11 secondary fault strands
accommodate displacement. The secondary fault strands
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Figure 9. (a) Map of the 2019 Ridgecrest mainshock surface rupture from
DuRoss et al. (2020). Colors and corresponding labels indicate the 20
continuous fault strands for which we have collected individual slip profiles.
(b) Total displacement (black, from Fig. 8b) versus localized fault slip
(colored lines). Field datapoints for each fault strand are shown indicated by
similarly colored crosses. For sake of clarity, error bars for field data are
shown only for data above our total displacement budget. The sum of the
localized slip is shown in white and the diffuse deformation (total dis-
placement minus localized slip) in gray. (c) G-G’ fault-parallel displacement
profile taken across the area where an excess of fault slip is measured
relative to the total displacement budget in (b). Dashed gray lines corre-
spond to the linear regressions (slopes 1 and 2) used to measure the total
surface displacement in blue. Green profile represents a possible slip profile
using uniform slip gradients inside the fault zone (slope 2). A component of
apparent left-lateral shearing near fault strand 5 leads to an excess or
overshoot of fault slip over total displacement. The color version of this
figure is available only in the electronic edition.
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accommodate up to 40% of the total displacement budget in
some locations along S2. Fault strand 16 constitutes the largest
of these secondary faults and accommodates up to 1.5 m of slip
(profile G-G’, Fig. 9¢). Secondary strands 7, 8, 9, 10, 11, 13, and
15 are shorter (~1 km) but can individually accommodate
amounts of slip comparable to fault strand 16.

In the area where fault strands 5 and 16 run parallel to each
other (4-8 km, Fig. 9b), a comparison of the total displacement
including diffuse deformation for the whole width of the fault
with the cumulative slip offsets measured on each strand of the
fault zone indicates that there is an excess of slip in the near
field relative to the total displacement budget (Fig. 9b). This
apparent excess of slip is not included within the 18% of diffuse
deformation we calculated along S2. In this particular area, the
displacement profiles are strongly asymmetric (slopes 1 and 2,
Fig. 9¢), and slip gradients in the first kilometer around fault
strand 5 are much higher than around fault strand 16. This
implies an excess of surface slip on fault strand 5 within the
first kilometers of the crust compared with what one would
expect when projecting the gradients around fault strand 16
(green profile, Fig. 9c). This local increase in horizontal slip
is also visible on the displacement maps from Barnhart et al.
(2020). We could not rule out the effect of the prominent bed-
rock ridge east of fault strand 5 on the orthorectification proc-
ess due to potential inaccurate topographic determination
during the DSM calculation. Our measurements of the vertical
motion in this area through the DSM differencing, however,
are consistent with field observations (30-50 cm; DuRoss et al.,
2020), making the case of spurious topography unlikely. The
fact that this excess slip is located along the section of fault that
ruptured during the foreshock earthquake may not be a coinci-
dence. We could hypothesize that the right-lateral prerupture
of fault strand 16 at depth during the foreshock earthquake
(Ross et al., 2019; Huang et al., 2020; Wang and Biirgmann,
2020) locally increased stress within the upper few kilometers
of fault strand 5, making fault strand 5 more prone to slip dur-
ing the mainshock rupture. Unfortunately, current models of
Coulomb stress variations based on slip inversion do not have
the spatial resolution to further address this issue.

Segment S3 corresponds to an area where the slip distribu-
tion for the fault-parallel component remains almost constant,
around 1.5 m, for a distance of 22 km from the junction with
the foreshock rupture to the southern tip of the mainshock
rupture. In this area, displacement is primarily localized on
fault strands 18 and 19 that accommodate slip up to a maxi-
mum of 1 and 1.3 m, respectively. These two faults are con-
nected by a 1 km long relay zone where up to 1 m of fault-
parallel shear is accommodated through diffuse deformation
(profile B-B’ in Figs. 2b and 9b). There, the proportion of dif-
fuse deformation approaches 80%. Conversely, toward the
southern end of the rupture where fault strands 19 and 20
are parallel, the amount of diffuse deformation is close to zero.
Fault strand 20 is subparallel to fault strand 19, and it
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accommodates only a small amount of slip (~0.20 m).
Additional faults were mapped by Ponti ef al. (2020) in this
area, but they do not correspond to visible slip offsets in
our surface displacement maps. Diffuse deformation in S3 rep-
resents 39% of the total surface displacement budget for a
mean right-lateral slip of 1.42 m. For the entire length of
the mainshock rupture, diffuse deformation represents 31%
of the surface displacement budget. Similar amounts of diffuse
deformation were also inferred along the foreshock rupture
where 31% of the total left-lateral displacement is accommo-
dated through diffuse deformation (Figs. S7 and S8).

DISCUSSION

Two sets of orthogonal faults and their impacts on
the surface displacements

Although the main rupture follows a general trend oriented
northwest, the Ridgecrest earthquakes displacement field is also
characterized by the activation of a second set of cross faults
trending N42°, perpendicular to the mainshock surface rupture,
including the ground ruptures associated with the foreshock. In
addition to the foreshock rupture already documented in pre-
vious studies (e.g., Barnhart et al, 2020; Chen et al, 2020;
DuRoss et al., 2020; Milliner and Donnellan, 2020), a large num-
ber of secondary faults associated with the mainshock rupture
also align along the N42° trend. One several kilometer long fault
located south of the foreshock rupture, well mapped in the field
(DuRoss et al., 2020), crosses the mainshock ruptures between
fault strands 18 and 19 (Fig. 9a), and can be followed for several
kilometers. This oblique-slip cross fault accommodates 0.15 m of
left-lateral slip and 0.15 m of shortening in the area south of the
connection with the mainshock rupture. We identified smaller
scale northeast-trending faults in the relay zone between faults
18 and 19 (Fig. S2b) alongside this long northeast-trending cross
fault. We also mapped smaller northeast-trending faults at the
junction between the foreshock and the mainshock ruptures
(Fig. 6). Finally, the northern and southern tips of the mainshock
rupture are characterized by faults with similar azimuth (Figs. 2a
and 10). Many of these faults, with the exception of those
observed at the junction between the foreshock and mainshock
ruptures (Fig. 6), were identified in the field (DuRoss et al., 2020).
Their displacement, however, could generally not be quantified
in the field due to the lack of unambiguous markers.

At the northern end of the mainshock rupture, the zone of
northeast-trending cross faulting occurs over a 10 km distance in
the northwest direction (Figs. 2 and 3a) and is located at the tran-
sition with the Coso basin (Fig. 2a). Only a few of these faults
could be identified as predating the 2019 rupture (Jobe et al,
2020). In this zone, the displacement maps reveal that the
right-lateral deformation associated with the mainshock is the
dominate style of deformation (Figs. 2a and 3a). However,
with the exception of a short section, where dextral deformation
is localized at the ground surface between two zones of
northeast-trending faults (fault 3, Fig. 9a), the localized dextral
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Figure 10. (a) East-west and (b) north—south displacement maps to the north of the mainshock rupture, where
northeast-trending faults ruptured the surface (see Fig. 2a for location). Rupture map from DuRoss et al. (2020) is
overlaid in black in (b). (c) Curl map calculated from horizontal displacement maps downsampled at 2 m. Blue
corresponds to anticlockwise rotation, whereas yellow corresponds to clockwise rotation. (d) H-H’ lateral dis-
placement profile across the left-lateral northeast-trending faults (N42°) in the fault-parallel component. (e) I-I"
lateral displacement profile across the right-lateral rupture (N140°) in the fault-parallel component. The color
version of this figure is available only in the electronic edition.

fault did not reach the surface,
and the deformation associated
with  dextral  displacement
shows up as a long-wavelength
displacement gradient across
the fault zone (Figs. 2a and 3a).
A profile across that zone to
measure the displacement in the
direction parallel to the main-
shock indicates that the total
dextral displacement across the
fault zone is ~1.5 m distributed
over a zone ~2 km wide
(Fig. 10e). In this northern part
of the rupture zone, at least 15
northeast-trending faults were
recognized based on the dis-
placement discontinuities
(Fig. 10a), indicating that they
accommodated horizontal dis-
placement. No vertical deforma-
tion could be measured across
these faults (Fig. 3b), despite
the fact that their orientation
would be well suited for normal
motion associated with the
extensive Coso area. Instead,
the curl map (Fig. 10c) shows
that the displacement on these
northeast-trending faults corre-
sponds to left-lateral strike slip.
This is consistent with their ori-
entation, roughly parallel to the
orientation of the foreshock.
Measurement of the displace-
ment in the direction parallel
to these faults (Fig. 10d) reveals
that each fault has accommo-
dated between 0.1 and 0.5 m of
left-lateral motion. However,
taken together, the cumulative
left-lateral displacement across
the whole fault set is nearly zero
(Fig. 10d), suggesting that this
left-lateral motion is mostly
related to individual block rota-
tion inside the dextral shear
zone corresponding to the
northernmost extent of the
mainshock rupture, following
a bookshelf faulting pattern
(Tapponnier et al, 1990;
Wesnousky, 2005).
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Similar conclusions have been reached by Milliner et al.
(2021) who used 6 m resolution horizontal displacement and
strain maps to characterize the bookshelf faulting behavior.
They propose bookshelf faulting to occur beyond fault tips to
allow transitions between distinct right-lateral faults, as long
as clockwise rotation and left-lateral shear are kinematically
equivalent to regional dextral shear (Platt and Becker, 2013).
In addition, we propose that bookshelf faulting can arise from
the interaction between diffuse shear and preexisting structures
in the crust, as it has also been suggested for the 1986 M,, 5.7
Mount Lewis earthquake (Kilb and Rubin, 2002). Indeed,
the similarity in direction between the foreshock rupture
(Fig. 2a) and the strike of relocated aftershocks clusters between
3 and 9 km depth (Ross et al., 2019; Shelly, 2020) suggests that
this northeast direction might correspond to some geological
fabric affecting the basement at a regional scale. Although we
do not have geological evidence of a predominant northeast-
directed crustal fabric in the area, clusters of background seis-
micity with bimodal orientation (northeast and northwest) were
evidenced in this region before the rupture (Fialko and Jin,
2021). However, the locations of these northeast-trending faults
identified at the surface, with the exception of the foreshock rup-
ture, do not directly correlate with the northeast-trending clus-
ters of aftershocks at depth. Northeast-trending faults identified
in this study are short (0.1-3 km) and located close by within
specific deformation zones (Figs. 2a, 6, and 10). In contrast, the
clusters of aftershocks are scattered all along the rupture.

At the northern end of the mainshock, the specific geometry
of the northeast-trending cross faults might be indicative of the
rupture process itself. Some of the faults have a curved
geometry, whereas others have a sigmoidal shape with the
northeastern part of the fault strands bent toward the south
(northeast of the H-H' profile in Fig. 10a), as illustrated by
fault strands 2, 6, and 7 in Figure 10a. This is consistent with
the deformation expected from dextral shear along the azimuth
of the main rupture (N140°). It also implies that these cross
faults were possibly activated either before or during the rup-
ture period when the area went under dextral shear deforma-
tion. Although the main rupture did not reach to the surface, a
possible scenario is that the dynamic stress pulse located ahead
of the rupture propagating northward triggered motion along
this preexisting fabric (Poliakov et al., 2002; Vallage et al., 2016;
Okubo et al., 2019) and led to the left-lateral displacement
visible at the surface. In a second stage, these left-lateral fault
strands were sheared right laterally, producing the sigmoid
shape fractures visible in the displacement maps, as it has
already been suggested for other events (Klinger et al,
2005). Because the dextral fault never reached the surface,
the sigmoid shape is still well preserved.

In the displacement maps, we can see that these faults are
asymmetric with respect to the location of the right-lateral
motion (Fig. 10a—c). The faults extend farther away on the
northeastern side of the zone of dextral shear. The difference
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in length might be interpreted as a direct mechanical response
of the medium to the location of the tensional lobe of the rup-
ture on the eastern side of the northeast-trending fault system
(Fig. 10a) in which opening of faults is facilitated (Kim et al.,
2004; Okubo et al., 2019). This asymmetric pattern may be
enhanced by the different mechanical response of the surficial
sediments themselves, formed mainly by lacustrine and allu-
vium deposits to the east of the rupture, whereas the western
side is formed by more indurated alluvial fan sediments and
lake deposits overlying uplifted basement seating at shallow
depth (Jennings et al., 1962).

Comparison with kinematic slip inversions and
implications for the rupture segmentation and the
processes of surface deformation

We compare the distribution of slip at depth derived from sev-
eral kinematic inversions compiled by Wang et al. (2020) to
our surface displacements for the mainshock of the 2019
Ridgecrest sequence. In our study, we subdivided the rupture
into three segments, bounded by variations in the rupture azi-
muth and geometrical complexities (Figs. 2a, 8b, and 9b). At
depth, the estimations of fault-dip angle based on the relocated
seismicity yield values ranging between 70° and 85° toward the
southwest for the northern segment S1 (Ross et al., 2019), and
between 70° and 75° toward the northeast under the southern
segment S3 (Ross et al., 2019; Jin and Fialko, 2020; Plesch et al.,
2020). For the central segment of the rupture (S2), Plesch et al.
(2020) inferred a 55° NE fault-dip angle for the primary fault
plane (fault strand 5, Fig. 7a).

The predictions of the amount of slip at the surface derived
from kinematic inversions are all in good agreement with our
slip distribution at first order: maximum slip around the epi-
center, linear decrease of slip toward the northern tip of the
rupture, and constant slip south of the epicentral area until
it dies out quickly (Fig. 11a). The model by Chen et al. (2020)
is the only model that systematically underpredicts the surface
slip by about 1 m along much of the rupture. It is also the only
model that used teleseismic data in the inversion process,
which might come at the expense of the characterization of the
near-fault surface deformation. At depth, most of the models
are characterized by three patches of large slip (Liu et al., 2019;
Chen et al., 2020; Jin and Fialko, 2020; Wang et al., 2020; Xu
et al., 2020). The solution from Wang et al. (2020) is presented
in Figure 11b. Although the slip patch located to the south of
the epicenter is well resolved, the separation between the slip
patches associated, respectively, with the epicentral area and
with the northern part of the rupture is less clear (Fig. 11b).
These three slip patches are consistent with the rupture seg-
mentation we proposed based on the surface rupture geometry
and the surface-slip distribution (Figs. 8b and 9b). This obser-
vation supports work from Klinger (2010) that suggested some
similarity between the characteristic length of the rupture
segments (~15-25 km depending on the earthquake) and
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the size of peak-slip patches at depth. Hence, the segmentation
of slip at depth for this earthquake seems to be a robust feature
confirmed by most geophysical models (Fig. 11a) as well as by
surface observations derived from both field- and optical-based
measurements (Figs. 8b and 9b).

The area located between 10 and 20 km south of the epi-
center, between subevents 2 and 3, shows limited slip at depth
(Fig. 11b). At the surface, we measure lower fault slip and
larger diffuse deformation, up to 50% of the total slip measured
(Fig. 11a). This area of decreased slip is located just south of the
M,, 6.4 left-lateral foreshock rupture. Coulomb stress models
show that this area experienced a negative stress change of
1 MPa after the foreshock rupture (Wang et al, 2020). The
negative Coulomb stress change generated by the foreshock
could have inhibited slip on the mainshock rupture but likely
favored diffuse deformation in the surrounding medium as
rocks are weaker under tension (Sammis et al., 2009; Okubo
et al., 2019). The influence of the foreshock rupture on the
mainshock displacement pattern could explain the sharp
decrease in total surface displacement measured at the transi-
tion between segments 2 and 3 (Fig. 8b).

The fact that the kinematic models fit our data supports our
strategy to measure surface deformation. Numerical models
consider the bulk medium as elastic, so part of the diffuse
deformation we measured using large-scale (>500 m) gradients
might include some elastic deformation generated by subsur-
face fault-slip variations. However, without a modeling strategy
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Figure 11. (a) Surface fault-parallel slip distribution along the mainshock
rupture from this study in black (total displacement curve from Fig. 8b)
and from five published kinematic inversions in color. For the models,
predictions of slip on subparallel fault strands were added to obtain a total
displacement prediction that is comparable to the displacement curve from
this study (in black). Joint inversion from Wang et a/. (2020) includes both
seismic and geodetic data. Predictions of surface slip from the five kinematic
inversions are projected onto a common line that follows the mean rupture
azimuth (N140°), and values on subparallel fault strands are summed to
obtain total surface displacement curves that are comparable with optical
and field results from Figures 8b and 9b. Diffuse deformation calculated in
this study (Fig. 9b) is shown in gray at the bottom. (b) Combined geodetic
and seismological data inversion for the mainshock slip distribution on the
primary fault plane from Wang et al. (2020). Slip vectors show relative
motion of the east side of the kinematic fault model. Circular rupture front at
a velocity of 2.2 km/s is in black. Blue circles are relocated aftershocks from
Shelly (2020). The color version of this figure is available only in the
electronic edition.

that includes our near-fault data in the inversion process, we
cannot quantify the amount of elastic versus inelastic deforma-
tion that occurred at the surface.

In attempt to qualitatively assess the importance of possible
inelastic contribution, we predicted the elastic surface displace-
ment associated with a blind rupture (Fig. 12). On the one hand,
we used the results of the kinematic inversions as an input for
our elastic model and compare the result with our displacement
data. The fault extends from 1.5 km below the surface to 7 km
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Figure 12. Displacement profile (black), in the fault-parallel component of displacement, taken across the diffuse
deformation area to the north of the mainshock rupture (I-I" profile from Fig. 10e). Predictions of surface dis-
placements from 2D elastic models are presented in blue, red, and orange. Blue model corresponds to a direct fit of
the data without data constraining the input parameters. Red and orange models use the kinematic slip models
(Wang et al., 2020) as input parameter. The fault is vertical in the red profile and dips 70°SW, similar to the
geometry inferred from the distribution of aftershocks (Ross et al., 2019) in the orange profile. The color version of

this figure is available only in the electronic edition.

FZW, spatial extent of the
diffuse deformation, and
SSD

In this study, we quantified the
amount of diffuse deformation
along the surface rupture of the
M, 7.1 mainshock Ridgecrest
earthquake (31% of the total
displacement budget, Fig. 9b).
We showed that diffuse defor-
mation is principally located
along the northern and
southern segments of the rup-
ture (81% along S1 and 39%
along S3). In contrast, in the
central part of the rupture,
which includes the epicentral
region, we measured lower dif-
fuse deformation (18%). The
northern and southern areas
are characterized by a signifi-
cant SSD (Fialko et al., 2005)
according to the geophysical
models (S1 and S3, Fig. 11b).
Maximum slip at depth along
S1 and S3 ranges between 4
and 6 m, whereas surface dis-
placements reach a maximum
of 2 m. Along these segments,
strain distributes within the
medium to accommodate the
variations of fault slip toward

deep with a uniform slip of 3 m and dips either at 90° or at 70°
SW (red and orange curves, Fig. 12). With this strategy, we could
not fit the data in the near field, although amplitudes of the dis-
placements away from the fault are similar. On the other hand,
we directly fitted the data by assigning the fault at a depth of
500 m (blue curve, Fig. 12). In this case, although amplitudes
of the displacements away from the fault do not correspond,
we could fit the displacement gradient within the fault zone.
Milliner et al. (2021) used this same strategy to fit the surface
displacements 5 km to the southeast, still in the area of bookshelf
faulting and diffuse deformation, and obtained results for a fault
located 350 m below the surface. However, elastic strain of mag-
nitudes as high as 10 and 107 (0.5%-0.05%) are unlikely to be
accumulated over months within the last hundred meters of the
crust (Postearthquake acquisitions occurred 1-2 months after
the rupture, Table S1.) and would be released within the early
postseismic phase (Brooks et al, 2020; Wang and Biirgmann,
2020). So, it is likely that diffuse deformation represents inelastic
permanent deformation.
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the surface, generating diffuse

deformation gradients at the
surface. Using our observations only, we cannot quantify
the part of deformation that is elastic and inelastic.
However, we can measure the spatial extent of the surface
deformation zone referred to as FZW (Fig. 13a and Fig. S9).
This enables us to infer the volume of rock that is affected
by diffuse deformation and determine the depth to which
the SSD extends along the rupture.

The FZW is defined as the central area where deformation
departs from the far-field gradients taken as references for the
linear regressions on each side of the fault (Figs. 7a and 12).
Along the mainshock surface rupture, the maximum FZW
measured in our study reaches 4 km, and the mean FZW aver-
ages 2 km (Fig. 13a); thus, we measure deformation processes
occurring within the first 2-4 km of the crust (Segall, 2010).
Along the foreshock rupture, the FZW averages 680 m
(Fig. S9). Hence, processes impacting the foreshock near-fault
surface deformation patterns might occur at very shallow
depths, likely a few hundred meters. Measurements of FZW
from this study are compared with regional FZW reported
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in Gold et al. (2021), in parallel with the total slip budget from
this study (Fig. S10).

We use elastic modeling to infer the potential depth of the
source of the displacements we image at the surface. We model
surface displacements associated with a 4 m right-lateral strike-
slip dislocation in an elastic medium (Fig. 13b). The bottom of
the fault is fixed at 15 km depth, and the top of the fault is
allowed to vary from 4 to 0 km, 0 km corresponding to a sur-
face rupture. Using these simulations, we show that the wave-
length of the surface elastic deformation associated with slip
ending at a depth greater than a few kilometers is too long
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Figure 13. (a) Map of the fault-zone width (FZW) along the mainshock sur-
face rupture. Positions of the colored lines represent the western and
eastern ends of the deformation zone in each of the 460 displacement
profiles used to quantify slip along the mainshock rupture (e.g., Fig. 73,
vertical profile and Fig. S4). Colors represent the total displacement
measured at each profile (Fig. 8b). Background map from DuRoss et al.
(2020). FZW along the foreshock rupture is presented in Figure S9.

(b) Surface displacement profiles for strike-slip motion on a vertical dislo-
cation in an elastic medium. The upper limit of the dislocation varies from 0
to 4 km depth, and right-lateral slip is 4 m. The color version of this figure is
available only in the electronic edition.
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to significantly impact the amount of total displacement mea-
sured using 8 km long profiles. This confirms our suggestion
that the deformation signal discussed here mostly relates to
surficial deformation and does not result from elastic deforma-
tion associated with slip at large depths (>2 km).

New measurements presented in this study fill the gap
between InSAR data, which image the regional displacement
field and mostly bring information on fault slip at depth
(>1-2 km depth), and field and optical data that focus on fault
offsets and OFD at local scale (<500 m). In this study, we mea-
sured both a total displacement curve, which reflects slip at a
shallow depth (<~2 km), and a fault-slip curve that reflects
localized fault deformation that reached the surface along
the 20 fault strands that constitute the mainshock surface rup-
ture. Diffuse deformation reflects the discrepancies between
slip at shallow depth and surface slip. Hence, the fact that
the kinematic slip predictions fit our data supports the exist-
ence of an SSD along segments 1 and 3 of the mainshock rup-
ture. The presence of an SSD is consistent with the magnitude
of the mainshock earthquake. Lauer et al. (2020) proposed that
slip deficit on strike-slip faults most often occurred for earth-
quake of magnitudes lower than M, 7.5, based on comparisons
with slip models on various earthquakes and on the observa-
tion that no SSD was modeled for very large events such as the
2001 M, 7.8 Kokoxili earthquake, the 2002 M,, 7.9 Denali
earthquake, or the 2013 M,, 7.7 Baluchistan earthquake.

Similar to the mainshock surface rupture, we measured a
mean diffuse deformation of 31% along the foreshock surface
rupture (Fig. S7). This value of 31% of diffuse deformation dif-
fers greatly from the ~59% and 56% of OFD measured, respec-
tively, by Gold et al. (2021) and Milliner et al. (2021). This
difference is mainly due to the fact that fault damage occurring
in the 10-100 m around the fault is included within the local-
ized fault-slip budget in our study. Hence, diffuse deformation
measured in this study refers only to large-scale (>100 m) dis-
placement gradients. Also, using our displacement maps, we
could measure slip on a larger number of fault strands
(Fig. S8) than those observed in the field. This leads to a smaller
estimation of diffuse deformation for the foreshock rupture.

Apart from these considerations, we also observe that the
FZW from the mainshock earthquake is not impacted by the
transition from segments 2 to 3 and by the junction with the fore-
shock rupture (Fig. 13a). Continuity is observed in the FZW
along the northeastern side of the fault zone from fault strands
16 to 19, which have a similar azimuth but are ~10 km apart from
each other. A similar observation is made along the southwestern
side of the fault zone between fault strands 18 and 20 that are
~7 km apart. Thus, it seems that the fault zone at depth is
not impacted by the junction with the foreshock rupture. This
supports our previous observation that the foreshock rupture
is discontinuous across the mainshock, and that the mainshock
rupture constitutes the major structure of the 2019 sequence and
a barrier to the propagation of the foreshock rupture.
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CONCLUSIONS

In this article, we presented a dataset of surface displacement
measurements for the 2019 Ridgecrest, California, earthquake
sequence, derived from correlation of 0.5 m resolution optical
satellite images. We measured details of the surface displacements
associated with both the foreshock and the mainshock earth-
quakes. This work highlights the respective importance of fault
complexity and diffuse deformations in surface rupture processes.
We show that slip measured in the field along primary surface
ruptures underestimates the total amount of displacement.
Diffuse deformations, which include both elastic and inelastic
processes, can account for a significant part, up to 100%, of
the total surface deformation in areas where the earthquake rup-
ture barely reaches the surface. When considered along the entire
length of the foreshock and mainshock ruptures, the diffuse
deformation represents 31% of the total surface displacement
budget. When considered together, localized deformation on
small secondary faults also accommodate a significant part of
the surface displacement budget, up to 50% in some areas of
the rupture. The spatial distribution of the diffuse deformation
and of the localized deformation on faults emphasizes lateral var-
iations of the rupture process reflecting structural fault segmen-
tation. These variations are primarily related to the geometry of
the fault, which, in turn, depends on a fault’s seismic history, the
long-term evolution of the major geometrical complexities with
cumulative slip, and interactions with preexisting structures from
the geological fabric (Choi et al., 2018; Lefevre et al, 2018).
Comparisons with other optical-based results and kinematic slip
inversions enable us to corroborate the fact that SSD did occur
along the foreshock and mainshock ruptures of the Ridgecrest
sequence. This SSD affects the first ~2 km of the crust and is
responsible for part of the diffuse deformation we measured
to the surface. However, it is not yet possible to discriminate with
certainty between the elastic and inelastic contributions of the
diffuse deformation using the currently available numerical mod-
els. On one side, inelastic deformation participates to the budget
of finite deformation for this earthquake, and it must be taken
into account when estimating the recurrence and future magni-
tudes of earthquakes in the area. It also indicates that deformation
distributes over a wider area than what is directly visible to the
surface. On the other side, if the deformation is elastic, it means
that elastic strain has accumulated during the rupture, which
should be released during the next seismic cycle.

DATA AND RESOURCES

The Pleiades images were provided by the Committee on Earth
Observation Satellites (CEOS) Seismic Hazards Pilot from European
Space Agency (ESA) (http://ceos.org/ourwork/workinggroups/disasters/
earthquakes, last accessed September 2020) and the Incitation a l'utilisa-
tion scientifique des images Spot (ISIS) program from Centre national
d’études spatiales (CNES) (https://dinamis.teledetection.fr, last accessed
September 2020; https://cnes.fr, last accessed September 2020). The
WorldView images (2019, DigitalGlobe/Maxar) were accessed via the
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NextView licensing agreement. The Sentinel-2 images are freely available
on scihub.copernicus.eu (last accessed September 2020). The U.S.
Geological Survey Quaternary fault and fold database (Fig. 1) can be
accessed at https://www.usgs.gov/natural-hazards/earthquake-hazards/
faults (last accessed September 2020). Epicenter locations can be found
at https://earthquake.usgs.gov (last accessed September 2020). The
MATLAB available at www.mathworks.com/products/matlab (last
accessed August 2021). Supplemental figures providing details on the
methodology and on the results of this study are available in the supple-
mental materials. Surface displacement maps at 1 m ground resolution
are available at S. L. Antoine, Y. Klinger, A. Delorme, K. Wang, R.
Biirgmann, and R. D. Gold, 2021, “East-west, north-south and vertical
displacement maps for the 2019 Ridgecrest earthquake sequence
(California, USA) at 1 m ground resolution.”, Mendeley Data, v1, doi:
10.17632/nj3khvsdyw.1.
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